Here, dispersion-advection models have been used to simulate and interpret the transport of the pollution wave in the Songhua River downstream of the explosion point. The results were compared to the measured concentrations in the river and to legal standards.
Methods

Model Implementation
The downstream transport of chemicals in rivers after pulse emissions (accidents) is described by the dispersion-advection equation (Trapp & Matthies 1998) : Abstract An explosion in a petrochemical plant in Jilin in the northeast of China on 13 November 2005 was responsible for the discharge of large quantities of benzene and nitrobenzene into Songhua River. This endangered the water supply of Harbin city and influenced the daily life for millions of people. The dispersion-advection equation was solved analytically and numerically and used to simulate the concentration of benzene and nitrobenzene in the Songhua River after the accident. Both solutions gave practically identical results. The main elimination process for both compounds was volatilization. The model results are quite close to the results obtained by measurements at monitoring stations. Arrival time of the pollutant wave, peak concentrations and end of the pollutant wave at Harbin and along the river were predicted successfully. The peak concentrations of nitrobenzene at Harbin were more than 30 times above the permissible limits for drinking water.
Introduction
On the 13 November 2005, at 13:00 pm, an explosion occurred at the Jilin Chemical Industrial Co., a subsidiary of the China National Petroleum Corporation Plant, located in Jilin Province. Five people died and more than 70 others were injured (Tan 2005) . Approximately 100 tons of a mixture of benzene, nitrobenzene and other toxic compounds were spilled into the Songhua River (UNEP 2005) . Harbin, which is the capital of the Heilongjiang Province, is located approximately 500 km downstream from the explosion scene ( Fig. 1) . The pollution front was expected to arrive at Sifang Tai, one of Harbin's monitoring points, at 5 am on November 24, 2005, and since Songhua River is responsible for 90% of the water supply to Harbin, the water supply was cut off from midnight on November 23, 2005.
To our knowledge, except for a UNEP report (UNEP 2005) , no scientific study of this accident has been published so far. Both analytical (IKSR 1991 , Brüggemann et al. 1991 ) and numerical solutions (Reichert & Wanner 1987) of this equation have been used to simulate chemical spills in rivers. A basic analytical solution, assuming constant conditions and pulse input, is ( )
A is the river cross-sectional area [m 2 ] and x is the distance from release [m] .
An easy numerical solution of the dispersion-advection equation uses the explicit finite-difference method. The numerical dispersion is made equal to the real dispersion in the river by appropriate selection of time and space grid under consideration of the Courant-criterion (Trapp & Matthies 1998) . Subsequently, the dispersion term can be omitted from the equations. The resulting iteration scheme is
Numerical and analytical solution gave practically the same result. Below, only results obtained with the analytical solution are shown.
The elimination constant λ is the sum of all elimination processes. However, for benzene and nitrobenzene, sedimentation, photo-and biodegradation were neglected due to the low sorption coefficient K d and the low temperature and light of the river in winter. The loss from water was subsequently assumed to be due to volatilization of the compounds and calculated with the two-film theory (Trapp & Harland 1995) :
where V is the rate for loss via volatilization (1/time), k l is conductance of the liquid film [length/time], k g is conductance of the gaseous film [length/time], h is average river depth [m] and K AW is the partition coefficient air-water of the chemical.
The regression equations of Southworth (1979) for rivers were used to calculate the exchange velocities, for the liquid film The conductance of the gaseous film was calculated as
where ν is the wind speed (here: set to zero).
Data
The input data for benzene and nitrobenzene are shown in Table 1 . The released amounts of benzene and nitrobenzene were fitted. The other parameters were taken from the website of the HINC Heilongjiang Information Network of China (2006) and other sources. The measured data of benzene were collected from the public report released by the Environmental Protection Bureau of Heilongjiang Province. These data were monitored by the Heilongjiang Environmental Monitoring Centre and at the Jiamusi Environmental Monitoring Station. The measured data of nitrobenzene were collected from the UNEP expert team report (UNEP 2005).
Results and Discussion
Benzene. Fig. 2 shows the result of the analytical solution for the concentration of benzene at Harbin compared to the measured data. The agreement is not completely unexpected, since the input of benzene was fitted. However, also the shape of the curve and the peak arrival are in good agreement. The river water concentration of benzene at Harbin is throughout below the Chinese permission level of 0.01 mg/L (UNEP 2005).
Nitrobenzene. The results for nitrobenzene are shown in Fig. 3 . Again, simulations and measurements are in good agreement. A deviation is seen for the second measured concentration (t = 10.5 d). This might indicate that dispersion, which drives the width of the peak, was overestimated. The release of nitrobenzene into the river was much higher than the release of benzene, and much higher concentrations were measured at Harbin. The guideline for nitrobenzene in drinking water in China is 0.017 mg/l, which was exceeded significantly at the time the pollution wave passed Harbin on November 23, 2005 (UNEP 2005). The peak concentration was 0.58 mg/l, which is about 33 times the permitted level. The simulation of the concentration of nitrobenzene along the Songhua River versus time is shown in Fig. 4 . The peak broadens and the maximum concentrations decrease with distance and flow time, due to dispersion. There is also a decrease of pollutant mass (represented by the area below the curve), which is due to volatilization of the chemical from the river water into air. Nevertheless, the peak concentration at the Fujin monitoring station 1415 km downstream and 31 days after the accident is still 10 times above the permissible level of 0.017 mg/l for drinking water in China. The comparison between measured and calculated peak concentration of nitrobenzene is shown in Fig. 5 . The small differences between calculated and measured concentrations of nitrobenzene might be explained by the variation of the width and depth of the river, which the model did not account for.
Conclusions
The concentrations of benzene and nitrobenzene in the Songhua River after the accident in Jilin could be successfully calculated and interpreted using an analytical or a nu- The model results and the measurements along the river indicate that the contamination with benzene was less serious than the contamination with nitrobenzene. This was probably due to the higher amount of nitrobenzene released during the accident. According to the model simulations, the elimination in the river was mainly due to volatilization, while photolysis and biodegradation were low, due to winter conditions. 
